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ABSTRACT
Many aspeetstof blue whale biology are poorly understood. Some of the gaps in our knowledge,
such as theseregarding their basic taxonomy and seasonal movements, directiyiadieitity

to monitor and manage blue whale populations. As a step towards filling in some of fhgse ga
microsatellite and mtDNA sequence analyses wenewcted on blue whale samples from the
Southern lemisphere, the eastern tropical Pacific (ETP), and the northeast Pacific. The results
indicatesthat:the ETP is differentially used by blue whales from the northerathes eastern
Pacific, with the'forrer showing stronger affinity to the region off Central America known as the
Costa Rican Dome, and the latter favoring the waters of Peru and Ecuador. Althopgtiethre

of genetic variation throughout the Southemmtisphere is compatible with the redgnt

proposed subspecies status of Chilean blue whsdess discrepancies remain between catch
lengths and lengths from aerial photography, and not all blue whales in Chilean watbes c
assumed tosberof this type. Also, the range of the proposed Csiilkgpecieavhich extends to

the Galapagoes=region tife ETP, at least seasonally, perhsipsuld include the Costa Rican

Dome andheeastern NortlPacific as well.

INTRODUCTION

There are,many unresolved questions surrounding the taxonomy of blue \Bakdesdptera
musculus). During the years of commercial whaling, especially inSbathern l¢misphere,
geographical variation was noted (Mackintosh & Wheeler 1929), but not until Ichite@) (

was one of the variants formally described as a subspétibsit paper, data from whales
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hunted from the southern Indian Ocean were used to describe the “pygmy” subgpenies (
brevicauda), which was distinguished from the Antarctic, or “true” blue whBla{. intermedia)

by its shorter length and differeimbdy propotions (essentiallyshorter overall and with a shorter
tail region. This distinction between the two subspecies has since been widely accepted.
However, what Is often forgotten is that the relationship between the two subgpestik
incompletely understood. If we follow the concept as used by Breirath(2007a), a subspecies

is “a group.of individuals from the same species that is geographically distincicagdizably
different (in'terms of morphology, genetics, or behavior) but could interbreed with enothe
subspecies if'they shared the same habitat.” Implicit in this definition is some degree of
geographic separation of gene pools — reduced interbreeding allows the recognizabledgfe

to developrUnfortunately, the vast majority of blue whale data and specimens, including those
analyzed byslchihara (1966), were collected during the non-breeding season (i.e., summer)
During this season, there is a general segregation of subspecies, with the Antarctic subspecies
being south of the Antarctic convergence around the Antarctic continent, and the pygmy
subspecies described by Ichihara (1966) feeding primarily north of this convergehe
southern-reaches of the Indian Ocean (Katd. 1995). However, this summer segregation has
nodirect relevance to the subspecies status of the two forms. Each subspecies was thought to
migrate to lower latitudes during the austral winter, but knowledge of speciédibgeranges,

critical to understanding subspecies relationships, is nearlytaldgeite this gap in our

knowledge does not necessarily challenge the subspecies statums. bf evicauda andB. m.
intermedia, not understanding how and to what degree the gene pools are segregated does mean
that our understanding of blue whale subspecies is incomplete. As summarized (988,

there ismuncertainty of the subspecies identity of blue whales from the northiemm @wkan and

the southeast Pacific Ocean. A subspecies nBmm. {ndica) had been proposed for the

northern Indian Oceatype; however, other than a greater body length for two specimens (it is
rare in collections), little was known to distinguish it from other subspecies.Beaalc (2007a)
considered these whales to likely belong to the subspBcmsrevicauda. Theblue whales

from theHumboldt Current off western South America, geographically disjunct but similar i
body proportions to Indian Ocean pygmy blue whales, were tentatively included by Rice (1998)

in the subspecidd. m. brevicauda. It was unknown if there was any exchange between the
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nominal pygmy blue whales, who spent summers in the southern Indian Ocean, and these other
populations. In other words, is the pygmy subspecies this geographical varited tionihe

southern Indian Ocean (in summer) or does it have a much breadefrThe lack of data
precludesany strong conclusions. This gap in our knowledge could conceivably have larger
taxonomic implications. In a hypothetical example, if the pygmy and Antarctic bluesvhare

found to be sympatric during the breeding season, one could make the case that the
morphological differences were likely maintained by reproductive barriedshey would

qgualify as sepatate biological species.

In a previous paper (LeDwet al. 2007), genetic data were usedunderstand large scdlee.,

ocean basin)wariation among blue whales in the Southern Hemisphere and how it@applies
relationshipsramong subspecies. The conclusions drawn from that paper wedefoma

variety of reasons, not the least of which is the lack of a reliable method for dithdisgmple

set by subspecies. Historically, there was concerritieae was somdegree of mixing during

the summer, especially in Antarctic waters, wisemneof the whales taken during commercial
whalingiweresthought to be of the pygmy subspecies. It was thought that some pygmy blue
whales could.wander far to the south during the summer months and end up in Antaecic wa
However, Branclet al. (2007a) and Branch et al. (20@3timated rates of mixing fno catch

data to be.less than 1%, perhaps not even differing significantly from zero. Without ablapar
evidence from body measurements, modern estimates of mixingdat®002;LeDucet al.

2007) are'even/more uncertain. With a sample set largely based on biopsy samples from |
whales takensduring the summer feeding season, the data in ee@u2007) lacked both a
ground truthsofsbody morphometrics and information about breeding range of individuals. In
other words, the subspecies identity of any given sample, and hence its membership in a
particular gene pool, could not be determined conclusevgtyori. Feeding ground locality was
therefore used.as a proxy for subspecies/population membership, and population strigture w
ocean basins wawt addressed. In spite of these problems, the data from that study showed a
notable degree of genetic divergence among sample strata from different ocean basins, with the
Antarctic, Indian Ocean, and southeast Pacific groups all being significantly different from each
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114  other to a similar degree. Mixing during the summer season was probably occurring atquite |

115 levels, if it had occurred at all.

116

117  In recent'years, there has been a challenge to the taxonomic status quo. Based on body

118  measurements taken fraaommercial whaling catches, Brangtal. (2007a) resurrected an idea

119  proposed by Clarket al. (1978); that the Chilean blue whales represent a subspecies separate
120  from B. m. intermedia andB. m. brevicauda. Their dataderived from sexually mature fereal

121 showed theé Chilean blue whales to be intermediate in length between the pygnaydotime

122 Antarctic form. Subspecies recognition of these SE Pacific blue whales is compatible with the
123 overall pattern of genetic differentiation in the Southern Hemrepth&Ducet al. 2007) and

124  with acoustiewdifferences seen in recording of calls from the different areas (Mc2bakld

125  2006). Branclet'al. (2007a) also raise the possibility that blue whales from the eastern North

126  Pacific may be more closely relatedtb@ Chilean form than they are to pygmy blue whales,

127  even though their body proportions are similar to the Indian Ocean subspecies. An ingbeptan

128 in unlocking the relationship of the Chilean blue whales to those of the easténrPioific

129 thereforestorexamine the blue whales inhabiting the eastern tropical Pacific (ETP), the likely

130  wintering grounds for whales from both hemispheres. Blue whales inhabit the ETP, a highly

131  productive region spanning over 28 million from Central to South Americgear-round

132 (Reilly & Thayer 1990Palacios 1997), primarily in two separate areas: the Costa Rican Dome

133  (an area off Central America with a strong and shallow thermocline (Fielder) 20@Phe

134  waters offiPeru/and Ecuador (Galapagos Archipelago). In this paper, we present a comparison of
135  blue whalessamples from different parts of the eastern Pacific, and provadesatof their

136  relationshiprwithin the pattern of variation in tBeuthern l¢misphere.

137

138 MATERIALSAND METHODS

139  All the data used in LeDugt al. (2007) werencluded, as well as more recent skin samples from

140  Antarctica, Australia and the eastern Pacific. Data on Chilean whales that were not used in LeDuc
141  etal. (2007) were from TorreBlorezet al. (2014a). As before, the data were stratifidd large

142  scale geographic areas: Antarctica (ANT), Indian Ocean (1O), eastern South Pacific (ESP),

143  eastern North Pacific (ENP), and ETP. Sample sizes are given in Tables 1 and 2. The ETP is the
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only known wintering ground among the five strata, and mogteofamples from there were
collected in Septembédovember, corresponding to a boreal late sumifaérand an austral late

winter-spring. Figure 1 shows the collection locations of the samples used in this study.

Data were generated and analyzed as in LeDuc et al. (2007); each sample was sequenced for a
400bp fragment of the mitochondrial control region, sexed according to Fain and LeMay (1995)
and genotyped for seven polymorphic microsatellite loci: ACCC392, GATA028, GATA098,
GATA4174GT023, EV37 and DIrFCB17 (Buchargiral. 1996; Valsecchi & Amos 1996;

Palsbgllet al™1997; Bérubé&t al. 2000). Random samples (10%) were genotyped twice as a data
check, with 100% matching. As in LeDatal. (2007), pairwise population comparisons using

Fs; for the mibehondrial haplotype data were performed using Arlequin v. 3.5 (Excefffagr,

2005). Forthergenotype data, GenePop v. 3.1c
(http://wbiomed.curtin.edu.au/genepop/index.html) was used for all population apalyses
including testing for hardy-Weinberg equilibrium and examining gerag &llele frequency)
differentiation between population pairs for each locus separately as well as across all loci using
Fisher'siexacttest (RaymoidRousset, 1995). In additioghs; analyses of the sequence data

were cowlucted using Arlequin 3.5 (Excoffiet al. 2005), using the Tamura-Nei model for

genetic distance, which was determined by jModelTest v. 2.1.1 (Datr@ba2012) to be the

most appropriate for this dataset. The megiaming network (Bandelét al. 1999) was

generated using PopART v. 1.7 (Population Analysis with Reticulate Trees), available

http://popart.otago.ac.nz

Sexbiased'dispersal was examined by conducting the samaadd; tests of population

subdivision for each sex separately with 1000 permutation replicates to assess statistical
significance. Additionally, the significance of the difference between sexes for each test statistic
was assessed with a secondary permutagist in which a null distribution was created by
randomly.reassigning the sex of each individual for 1000 replicates. Valegfor the test was

the fraction of replicates where )X Xn| was >= the observed ) X;| with X being either the

estimated-; or ¢ Statistic value.
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174  Assignment tests for ETP samples were conducted using STRUCTURE v. 2.3 (@etcha

175  2000). In this analysis, prior population information was incorporated only for sanmmieshie

176  ENP and ESP, and not for ETP samples, and two populations were assumed. In other words, ETP
177  samplesthadto be assigned to either one of the source populations from higher latimides. T

178  analysis also assumed no admixing and no correlation of alleles.

179

180 RESULTS

181  Genetic diversity (e.g. heterozygosity) ranged between 0.690 and 0.751 for microsadellite

182  while for mtDNA sequences it ranged between 0.705 and 0.967 and nucleotide diversity ranged
183  from 0.003 and/0.019 (Table 1). As found previously by Le@at. (2007), the Antarctic and

184  the Indian*Ocean respectively have the highest and lowest levels of geneticydaramsig the

185  different strata:”Although population reduction from commercial whaling can Inaekest on

186  levels of genetic diversity, the patterns of diversity seen here are more likely a result of past

187  climatic changes and population dynamics (Ateird. 2015). The Supplemental Materials

188 include the GenBank accession numbers for all mitochondrial haplotypes idei@NMetiaple 1)

189  and sexsand-haplotype data for each sample (SN Ab

190

191  Using the microsatellite data for all pairwise comparisons of allele frequencies, the five initial
192  strata (ANT, ENP, ESP, ETP, and 10) were significantly different frorh etlter. However, the

193  apparent distinctiveness of the ETP stratum is naigstiforward, as it likely does not represent a
194  distinct breeding population. Because it is the only known wintering ground among the five

195  strata, andsknoewn to be visited by whales from both the north and south (Calamétakidis

196  1990; Reilly=&TFhayer 1990Vateet al. 1999;TorresFlorezet al. 2014b; 201} the ETP

197  stratum may actually be comprised of elements of both the ENP and ESP. Edbeutive

198  contributions were similar in degree, that may have been enough to render the ET¢astbnif

199  different from both.

200

201 Inthe results from the STRUCTURE analysis, there was an apparent difference in the

202  assignments of samples from the Costa Rican Dome from those originating off the coast of Peru

203 and Ecuador, with the former seeming to be more commonly assigning to the ENP andrthe latt
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204 to the ESP. Figure 2 shows the assignment probabilities of ETP samples fitara thgions.

205  The northern ETP samples (nNETP) had an average assignment of 0.707 to the ENP and 0.293 to
206 the ESP. Conversely, the southern ETP samples (SETP) had an average assignmenbof 0.323 t
207 the ENPand0:677 to the ESP. We tested the difference in the distribution of assignment

208  probabilities within the ETP using the log-odds values of the assignment probaldibiigs a 2-

209 tailed ttest ugng 2-sample unequal variance. The difference in values between nETP and sETP
210  was significant (p < 1 x 19); the difference in means of the lodds values was 2.6634.

211 Thereforegin subsequent population comparisons, the ETP was subdivided into the nETP and the
212 sETPR Table2'shows the results of comparisons among the different strata, including a

213  subdivided ETP, based on the microsatellite data. Table 3 shows the results ¢ axiidhe

214  sequencerdataccomparing the lasgate geographic regions, and Teadh shows the results of

215 similar comparisons using just the regions within the eastern Pacific.

216

217  Figure 3 presents the median-joining network derived from the sequence data. BaitatibgcA

218 and Indian Ocean strata share few haplotypes with other, stte¢eeas the ENP, ETP and ESP

219  share aiznumber of haplotypes. The Indian Ocean samples are the least spread out along the
220 network, while-the Antarctic stratum contains the greatest number of ygdobccupying

221 widely disparate positions in the network. This is consistent with the Aistpgiulation having

222 the historically largest population size; this has carried into contenydur levels of diversity,

223 in spite of depletion by commercial whaling.

224

225 DISCUSSION

226  Composition-ofsthe ETP

227 Inthe STRUCTURESe@sults, there was a significant tendency for the samples from the southern
228  part of the ETP)(the waters of Peru and Ecuador) to assign to the ESP, and the fsam phes

229  northern part ofithe ETP (the Costa Rican Dome and the waters of southern Mexis@rtacas

230 the ENP(Figure 2). This is consistent with the results reported previously foBEhbyETorres-

231  Florezet al. (2014b) and with the finding presented in Torfelerezet al. (2015) of an

232 individual whale being sampled both in Chilean waters and in the southern ETP. In dpge of t

233  statistical difference, the pattern of individual assignments was ambiguousomih s
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individuals having strong assignments to the “source” population from the opposispheraij

and others having equivocal assignments probabilities (i.e., closer to paritywHEveur

assumption of only two source populations, this ambiguity is not surprising, as the two source
populations, while significantly different, are not dramaticallysa®(049 using genic

differentiaton). There are many shared alleles between the ENP and ESP, and the level of
differentiation between them is much less than the levels seen in comparisons involving the
Antarctic orlndian Ocean samples. Put simply, there is a statistically significemédde in the
assignment'of ETP samples, with those from the Costa Rican Dome tending tigiedassthe

ENP and those from the waters of Ecuador and Peru tending to be assigned to the ESP. This is
not to say thatwall whales frequenting the SETP coora the ESP and all those in the nETP

come fromithe’ENP. Sonteansequatorial movement between the ETP areas is certainly
plausibleand has been recently documented (Annie Douglas, Cascadia Research Collective,
pers. omm.) though the gap between the $Ednd nETRs over 40hmiles, this is not likely to
represent much of a barrier to whales that have already travelled thousands of miles. However, it
does reflectianroverall pattern of use, at least during the season encompassednpylése s

with the £TPbeing primarily visited by whales moving up from Chilean waters or other parts of

the ESP,"and the nETP being primarily used by whales from the ENP.

As seen in Table 2, this pattern (affinity between ESP and sETP, and betweentENFTR)
was also apparent when the population analyses comparing overall allele frequencies were
repeated withithe nETP and sETP being treated as separate strata. The nETP was not
significantly.different from the ENP, but was different from both the SETP ardSke
Similarly, the sETP was not significantly different from the ESP, but was from the Hi¢BeT
results seem to_support the aforementioned pattern of use within the ETP. Ifetentiiegions
of the ETP.were being utilized by whales from different populations, one might elxpenixded
stratum of the entire ETP to reveal itself in Haklfginberg disequilibrium of microsatellite
alleles. However, tests for Hardlyeinberg disequilibrium were inconclusive. The BnRoto
had only one locus that was significantly out of equilibrium, no more than other stretiehged
one locus, save for the ESP, which had zero). This result could reflect a lackenfgidine test
itself and/or it could stem from the fact that the two component populations of the ETP
themselves & not very different from each other.
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All comparisons of the control region sequence data among major regions outside therg,

as expected, significant (Table 3). In comparisons using the ETP in its entirety, this stratum was
usually significantly different from both the ENP and the ESP, only the genetic distanc
comparison.with the ENP was not. This apparent distinctness is plausible if the entire ETP is
considered.to be an amalgam of portions of two populatidine ESP and ENP; the ETP then

may caottain‘enough of each of the source populations to come out as different from both.
However, when'the analysis included a subdivided ETP being compared to populations to the
north and south (Table 4) the results were less congruent with the microsatellite results. For
example, thessignificant difference between the ENP and the nETP in haplotype frequencies is
not consistentwith the microsatellite results, nor is the significant difference between the ESP
and sETP using genetic distances. These differenggest that the links between ENP and

NETP and between ESP and sETP may not be as strong as the microsatellite analysis indicated.
In addition;.the norsignificance of the sequence comparisons between the nETP and seTP
suggest thatithe segregation of thvge areas may not be as great as the microsatellite data
indicate. However, findings of non-significance involving these areas must be considigred i
context of«reduced analytical powdue tothesmallersample sizeresultingfrom subdividing

the ETPstratum.

The maternal inheritance of the control region sequence data raises the possibility that these
results maystem from differences between the sexes in the use of the ETP. In one scenario, not
all femalesifrem either the ENP or the ESP would venture to the ETP, some instead utilizing
other wintering grounds, such as the Gulf of California for northern whales ¢ ahr2013) or

an asyet unknown area. Site fidelity has been seen for female blue whales frequeatigft

of California (Searst al. 2013). If this pattern of differential seasonal movement was passed
down along.maternal lines, the ETP sample of females could contain a non-rangoencfaire
mitochondrial'population sampled at higher latitudes. A converse scenario is abepos

whereby the'ETP is also visited by females from an area at higher latitudes that is not adequately
represented in the dataset. The present data do not address these possitiiiggzossibility of

a resident population within the ETP. The one individual sampled at both high (Qbilyna
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(Ecuador) latitudes was a female (TorFdgrezet al. 2019; although anecdotal, this supports

the statistical results that indicate that there is at least some connection betwessgtberse

Another aspectfdlue whale migration is the temporal component. Although effort is not

uniform throughout the year, re-sightings of individual blue whales in the Costa Rica Dom
(nETP) that were formerly sighted in the ENP occurred during the months of Jamdéaxch,

the boreal'winter (Chandl& Calambokidis 2004). These same months correspond to the austral
summer andearly fall, when blue whales occur off the coast of Chilske-Gaeteet al. 2004,
TorresFlorez 2011). With one exception (a January stranding Rem), all the ETP samples in

the present study, north and south, were collected during the months of September to November.
Whales in‘lewsdlatitudes during this period could represent early winter visitors from the ENP, or
late winter visitors from the BS Sampling during other months may reveal a different pattern or
some complications to the present resMem Waerebeelet al. (1997) documented some of

what is knewn from blue whales in Peruvian waters. We did not find a pattern oforanmti
assignrentsprobabilities within this thremonth time period. The Peruvian sample collected in
January hadan assignment probability of 0.604 to the ENP, which is consistent with the use of
the ETP by.whales of the ENP during the boreal witdewever, this asgnment probability is

too equiveeal to conclude that the stranded whale was actually a Northern Heméspimetde

Any temporal variation in the use of wintering grounds, or use by other populations as yet

unsampled, will need to be addressed by futureares.

The conventional narrative about blue whale movements reflects the generalized pattern for
rorquals, that there are seasonal migrations between high latitude summer fezaog gnd

low latitude wintering grounds. However, unlike many otherle/species, blue whales

migration patterns can changeer time (Calambokidist al. 2009).This patterrof seasonal

latitudinal movement is thought to apply to both the Antarctic subsp&ies itermedia) and

the pygmy.subspecieB.(m. brevicauda) from the Indian Ocean, with requisite differences in

their respective ranges. Brangttal. (2007b) summarized much of the historical research on
southern blue whales, including sightings, catches, discovery tags, and acoustiogeco

Although much of te data, such as seasonal shifts in abundance across latitudes, supported this
narrative, the species overall defied easy characterization. For example, one exception to this
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pattern was the proposed subspecies of the northern Indian Gceanndica), which is
characterized in part by its neonigratory habits. Furthermore, blue whale calls are detected
yearround in Antarctic waters (Siroviet al. 2004), and calls typical of Chilean blue whales
were detected in all months in the ETP (Buclizai. 2014a). These findings suggest that some
individuals_either do not undertake the seasonal migrations or that they makerteg jour

multiple times within a year.

Consideringthe results of the genetic analyses presented here, along with the acoustic evidence
of ESP whales being present in all seasons (Buet@ln2014a), it seems likely that the ETP is
occupied, at least seasonally and perhapsrnpeend, by blue whales from both the Northern and
Southern Hemispheres. Their relative abundances would chatiigine seasons, each

population becaming more numerous during its respective winter, and would also vary
geographically between the nETP and the sETP. If this pattern of overlap is thesczf$ect on
estimates of abundance in the ETP has important implications for the assessment and

management-of blue whale stocks.

Often implied in the interpretation of seasonal movements is that the wintggunds serve as

an area forbreeding, calving, and/or nursing. This may be true in gadli-calves haw been
recorded in the ETP (for example, Pitetial. 2007) — but data on the key behavior of breeding

is lacking (Searst al. 2013). If the ETP does serve as a breeding area, it is possible that offset
seasonalityfinithe reproductive status of whalesfdifferent hemispheres could explain how

the northerm:and southern populations maintain their distinctness — northern and southe=rn whal
could co-@ccur in the ETP but would be unlikely to interbreed. Indeed, any whale that dispersed
to the opposite hemisphere would face the problem of being reproductively out of sync with its
adoptive population. Year-round visitation of the ETP also implies that at any givendime

only are some.of the ETP visitors not in breeding condition, but that some whale® rtagra

lower latitudes for noireeding purposes. Blue whales do tend to winter in areas of high
productivity'(Reilly& Thayer 1990; Branchkt al. 2007b), and wintering areas serve in part as
important feeding areas, and not just for females with calves (8edr2013). But do they

represent a place to find mates? This is undetermined.

This article is protected by copyright. All rights reserved



357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

A clue to the seasonal component may perhaps be seen in Tables 2 and 4, which indicate those
comparisons that were significantly different when the sexes were anagypagdtely. Initially,

it appears that the sespecific differences are a mosaic with little evidence of a pattern,
especially_for males. However, in every comparison of females from different strata that was
significant, one of the strata was the ENP. keminore, the only significant differences found
involving the ESP females were those comparing them to the ENP. This suggestthindine

of year 'of 'sampling (boreal fall and austral spring), most of the females present in the ETP were
from the ESP ahnot from the ENP. This in turn would suggest that the southern females are the
last to leave their wintering grounds and northern females are not among thereeally. &t is

possible thatthe demands of reproduction impel females to be more regulareasieadity of

the movements males from either hemisphere would be more likely to visit the ETP during
non-winter months. According to this scenario, the ETP during the months of September to
November would include a varying mixture of males from both the ENP and the ESH, a&s we
females from primarily the ESP. Each group would favor the part of the ETP ctofiesi t

source population (NETP for ENP and sETP for ESP), but may also “spill over” tdhéngatt

of the ETP¥ This would also bergistent with our SETP stratum having the largest skew in sex
ratio, where 2/3 of the samples came from females. If females from the ESP are more likely to be
in the ETP-than those from the ENP, and the SETP is their favored (but not exciusteehg
grounds, the sex bias fits. All this is highly speculative, especially in light of theratede
differentiation between the source populations coupled with the meager sample sizes; the
analytical power to find differences is very limited when some of thesgecific strata include

fewer than‘ten'samples. The actual pattern of affinities and differences may be much more
complex. However, it does allow us to predict that if northern whales haverdienié®encies,

samples taken from the boreal spring/augaiblvould show an inverse pattern of differences.

Resolving.the relationship between ENP and ESP blue whale populations will seqeiter
understanding of a number of factors, including the possibility of a resident ETP pmpulat
whether or'not. wintering whales from unknown populatiareeing sampled in the ETP, if
there are ther wintering areas not sampjeifferential female use patternseasonality of
mating cycleslocation of matingparts of populationthat arenot migrating movementsn and

out of wintering area within a season, and #lative sizes of source populations
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389  Taxonomy

390 In examining length data from historical catches, Braaeth. (2007a) concluded that blue

391  whales delivered to Chilean shore stations were intermediaiee between the pygmy and

392  Antarcticsubspecies. Based on this finding, they proposed the recognition of a new subspecies
393  of blue whale. dn the present study, this conclusion is not at odds with the degree of

394 differentiation"between Chileand., ESP blue whales and those of other regions in the

395  Southern Hemisphere. In comparisons using nuclear data, samples from the ESP were

396 differentiated to a similar degree from Antarctic and Indian Ocean samples as those two were
397 from each.ether. In addition, the sampling of one individual whale in both Chilean watkns

398 the southern section of the ETP demonstrates that at least some of these whales range into
399 tropical watersconsistent with the SETP being recognized as part of the subspecies range
400 (Branchet al. 20071). This is corroboratetly thefinding that the SETP and Chile do not show
401  significantdifferences in microsatellitdsowever, the picture becomes more complex when the
402  relationshipwefChilean whales to those from further north is considerdte Bmalyses of

403  sequence data; some of the comparisons of the ESP with strata from the ETP arENBtw

404  significantly. different (Table 4). Even a coarse measure such as number of shared haplotypes
405 suggests.the same. The Antarctic and Indian Oceaa strate no more than two haplotypes

406  with any other stratum, while the ESP stratum shares as many as eight with strata to the north
407  (ETP). This is shown graphically in Figure 3.

408

409 A comparisen0tp values (Table 3) also illustrates the modest level of divergence of the ESP
410 from the ENP. In pairwise comparisons of the Indian Ocean stratum (presunngély la

411  comprised of pygmy blue whales) to those from other regions, the average waluies @365

412 (range: 0.335-0.394). The comparable average value in comparisons involving the Antarctic
413  stratum (presumably comprised largely of Antarbtice whales) is 0.189 (range: 0.127-0.335).
414  For comparisons involving the ESP stratum, the average valbg isf0.166. This is of similar

415  magnitudetothat found for comparisons involving the Antarctic. However, this doesarot me
416 that the ESP whales are equally differentiated from those of other regiongs Madue for

417  comparisons between the ESP and the Indian Ocean and Antarctica are 0.394 and 0.158,
418  respectively. However, thgs: values for the ESP to the ETP and to the ENP are an order of
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magnitude lower, 0.040 and 0.073 respectively. So while there is still much uncertainty

regarding the population structure and movements within the eastern Réisdicssed above),

the present genetic data indicate that at least some Chilean blue whales range into tropical waters
and that their degree of differentiation from whales to the north (including the ENP) is
considerably.less than to other recognized subspecies. At the very leastréme results

support Branclet al.’s (2007b) suggestion that thenge of the proposed Chilean subspecies

should include;at least seasonally, the waters of Peru and Ecuador. Furthétimeregree of

genetic differentiation is to be used as a guide for subspecies inclusion, it should perhaps

extended to include the mldtitudes of the eastern North Pacific.

There is additional uncertainty involving the Chilean subspecies. In analysagtbfdata from
historical records and from contemporary aerial images, Gilpatrick and Rer(2®08) noted

that blue whales from California waters and from both northern and southern setctien& 6P
had body lengths nearly identical to those of pygmy blue whales from the Indian Reeant
research bysDurbagt al. (2016) extends that similarity to whales photographed in Chilean
waters. This isfnot at odds with the genetic findings - documented movement betweed ESP a
SETP (ToresFlorezet al. 2019 and the modest differentiation between ESP and ENP found in
the present'study. However, it is at odds with the findings of Bretrath(2007b) that Chilean
whales are significantly longer than those of the pygmy subspecies.

There are arfew possible explanations for this discrepancy. First, there is a large temporal gap
among the'studies. Branehal. (2007a) used historical data from whales colleatedtly from

the 1960s, while Gilpatrick and Perryman (2008) used more contargptata collected

between 1994 and 2003, samples for the present study were collected between 1991 and 2008
(save for a.single sample from 1982), and the data from Detlzn(2016) was from 2015.

That is not.to say that the Chilean blue whales hatteryshorter in the interim; there is

however theipossibility that localized extirpation did occur, and the range wasdeatpied by
another population of blue whales expanding their range from elsewhere. If thiscsoemar

true, this would mean thétte subspeciesuggestedy Branchet al. (2007a) mayo longer

exist However, theecordedcatches were likely too small to result in extirpation (Willisahal.
(2011). Of course, this is only one possible explanation.

This article is protected by copyright. All rights reserved



450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480

Aguayo (1974) stated that both pygmy aatarcticblue whales were landed at Chilean shore
stations. The existence of a mixed dataset, which would explain a finding of inteevimmtigt
lengths, was tested for and discounted by Braheh (2007a) for their dataset, but it does
illustrate thepossibility that multiple forms of blue whales are currently inhabiting and/or
transiting Chilean waters. The only locality information in the historical reaged by Branch

et al. (2007a)y'and Aguayo (197#fers to the shore station itsetfcanot the actual catch
location, so'we cannot be sure that the whales sampled for our study (mostly alongtthetcoa
some from offshore), were drawn from the same population as those of Braho2007a). In
this scenariogthe subspecies proposed by Bretrathis still extant, albeit with an unknown
range and habitat and not sampled by any of the more contemporary studies.@Bachan
(2014b) reported the existence of two blue whale songs from Chilean waters; howetker whe
or not this corrgsonds to separate call types or variation within a call type was not determined.
Only additional survey and sampling efforts can address this possibility.

A third possibility is that differences in reported body lengths represent diffarance

methodolegy. Catch data and aerial photogrammetry each have their own set of assumptions and
biases; whether or not these are sufficient to explain the apparent discrepancy in Chilean blue
whale lengths is beyond the scope of this paper. However, it is worth tiwin@ilpatrick and
Perryman(2008) did not find significant differences between lengths from photogrgramzbtr

lengths from*catch data for the ENP, either for the catch as a whole or for just mature females.

Lastly, it may be that current levels of \&ron simply have not been adequately captured.
Gilpatrick and Perryman (2008) had measurements of only two mature femaldbdreEilP,

and Durbaretal.’s (2016 sample size from Chile also included only two mature females.
Although the measurements in these studies were similar to each other andeariizoay
lengths recerded for the pygmy subspecies, they were within the range of nmmesaar®r both
Chilean and'pygmy whales given in Braretlal. (2007b). More length data from contemporary
whalesand more work on comparing photogrammetry data to data from catches is needed to

resolve this issue.
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481  Setting asideéhe apparendiscrepancy in size data, the possibility also exisgsnbérctic blue

482  whalestransiting up the South American west coastndiated by the recording of Antarctic-

483  type calls in low latitudes by Staffostial. (2004) and the report of Aguayo (1974). At the very
484 least, if one recognizes the Chilean subspecies of blue whales as a taxon, it shopldnbe ke

485  mind that net.all bla whales occurring in these waters may be of this subspecies. This is an
486  important factor to consider in designing any research program directed at managem

487  population‘assessment of Chilean blue whales. This caveat also points to the larger issue of
488  delimiting 'subspecies. Since subspecies are traditionally defined in terms of locally adapted
489  populations or groups of populations, there is an implication of some degree of breeding

490  segregation. Hewever, in the case of blue whales, for which most sampling has occuided outs
491  of the breeding season and for whom breeding ranges are often unknown, this critafal par

492  delimiting subspecies is lacking. For example, the Chilean subspecies may actually breed in the
493  ETP, and may or may not have oppoities for genetic exchange with Northern Hemisphere

494  blue whales that also occur there. If they occur in the same areas but are seasonally offset (either
495 in the timingpofitheir occurrence or of their breeding condition), interbreeding mayeber ra

496  negligible andsithey may represent different subspecies, depending on their degreeeauitidiff

497  adaptations.In summary, the breeding range of a subspecies is an integral pagrgf its

498  definitiongand if that range is incompletely known then the delimitation of eal@hsubspecies
499 is incomplete.

500

501 Geographierange is also critical in evaluating potential correlatetmgeeln morphological and

502  genetic similarities in a taxonomic context. When the pygmy subspecies was proposed by

503 Ichihara (1966), he documented morplgidal differences from the Antarctic form that were

504 later shown to be congruent with their genetic divergence (LeDalc2007), but the

505 morphological similarities between blue whales from the NE Pacific and thealgqoygmy

506 blue whales from the Indigdcean were not congruent with their genetic differences presented
507 here. In factythe closest agreement to date among independent data sets involpargsoas

508 across oceanybasins for blue whales is the distinctn@&srobrevicauda exhibited by genati

509 analysis (LeDuet al. 2007, present study) and by analysis of acoustic data (McDetradld

510 2006). At this stage in the study of blue whale taxonomy, it appears that morphological

511  differences have thus far been corroborated by other lines of evideggcAritarcticblue
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512  whales vs. other subspecies), but morphological similarities have not always translated in
513  similarities of other types of data (e.g., Indian Ocean pygmy blue whales vs. ENFhiales)w

514  Of course, how blue whales from the Atlantic @gdit into the global pattern of variation will

515 also be a critical part of the resolving the taxonomy. Congruence and incongruentero$ jud

516 variation in.cemparing different types of data results from the different machsuaind rates of
517 genetic, behavioral, ecological and morphological divergence, differences tiado rioee

518 considered'when attempting to determine subspecies.

519
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Figure 1. Sampling locations for blughales used in the present study. ETP samples are shown

in the inset:
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Figure 2. Fig. x. Relationship between latitude and Pr(assignment to ENP) for samplebdérom

two regions of the ETP (top), and a smoothed density curve of the distribution of the saiie poi
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Figure 3. Mediartjoining network of blue whale haplotypes. Each circle represents a haplotype.
Sizes of the circles represent the number of samples from each haplotype. Cross lines represent 1

mutational’step:
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718 Table1l. Summary of the data generated, combining the present data with data frometaDuc
719  (2007). N (M, F, U): Number of samples (Male, Female, Unknown), Hobs: Observed
720  Heterozygosity, Vs: Variable/polymorphic sites, H: Number of Haplotypes, Hulotyaic
721 diversity, Pi: Maolecular diversity.
722
MICROSATELLITES& SEQUENCES
SEX
POPULATION "N (M/F/U) Hobs N | Vs H Hd Pi
ANT 78 (42/35/1) | 0.751 78|41 36 0.967 0.019
ENP 51 (23/28/0) | 0.730 50| 17 13 0.738 0.007
ESP 66 (23/20/23) 0.723 59| 16 13 0.872 0.011
ETP 46 (17/27/2) | 0.719 44 | 17 11 0.810 0.007
nETP 21,(9/11/1)
SETP 25 (8/16/1)
1O 66 (37/28/1) | 0.690 64| 13 14 0.705 0.003
723
724
725 Table 2, Population analyses of genotype dataalues from analysis of genic differentiation
726  with samples from both sexes includeejalues in bold are those <0.05. An “M” or “F” denotes
727  that the comparison was significaniat 0.05 for the degnated sex when the sexes were
728 analyzed separately.
729
Population |10 ENP nETP SETP ESP
ENP <0.0001 M F *
nETP <0.0001 M F 0.2461M *
SETP <0.0001 M F 0.0001M F 0.0151 M *
ESP <0.0001 M F <0.0001 M F <0.0001 M 0.8192 *
ANT <0.0001 M F <0.0001 M F <0.0001M F |<0.0001M F | <0.0001M F
730
731
732
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733

734

735

736

737

738

739

740

741

742

743

744  Table 3. Analyses of control region sequence dptaalues from pairwise population tesps;
745  values in bold are those <0.05. Below the diagonal are the resgltgedts using Tamushlei
746  genetic distancesgit: values in parentheses). Above the diagonal are the res#tstests using
747  haplotype frequencies (number of shared haplotypes in parentheses).

748
749
Populationw, 10 ENP ETP ESP ANT
10 * <0.00001 (2) | <0.00001(2) |<0.00001(1) | <0.00001 (2)
ENP <0.00001 |* 0.00098 (8) | <0.00001 (5) | <0.00001 (2)
(0.346)
ETP <0.00001 | 0.28320 * 0.01074 (6) <0.00001 (2)
(0.385) (0.003)
ESP <0.00001 | 0.00293 0.02637 * <0.00001 (1)
(0.394) (0.073) (0.040)
ANT <0.00001 | <0.00001 <0.00001 <0.00001 *
(0.335) (0.136) (0.127) (0.158)
750
751

752  Table4. Analyses of control region sequence data for the eastern Pperfitues from pairwise
753  population tests. Significaptvalues are in bold. Below the diagonal are the resulfsoésts

754  using TamuraNei genetic distanceg(; values in parentheses). Above the diagonal are the
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755  results ofFg; tests using haplotype frequencies. An “M” or “F” denotes if the comparison was
756  significant when the sexes were analyzed separately.

757
758
Population (#haplotypes) | ENP nETP | SsETP ESP
ENP (13) * 0.02051 | 0.02051 F | <0.00001 M F
nETP (7) 0.10938 | * 0.31250 0.01074
(0.030)F
SETP (7) 0.30762 | 0.05957| * 0.08887
(0.003) (0.055)
M
ESP (13) 0.00293 0.22266| 0.02637 *
(0.073)F | (0.012) | (0.072)
759
760
761
762
763
764
765
766
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